4) \( (4+18=22) Pts) In A 7 -stage Pipeline
Without Branch Prediction, If The Branch
Outcome Is Not

4) \( (4+18=22) Pts) In A 7 -stage Pipeline Without Branch Prediction, If The Branch
Outcome Is Not

Understanding how pipeline architecture manages control hazards is critical for computer architecture
students and professionals. In particular, the scenario where a 7-stage pipeline encounters a branch
instruction whose outcome is not known in advance presents unique challenges. Without branch
prediction mechanisms, the pipeline must handle potential hazards carefully to maintain correct

execution flow and optimize performance. This comprehensive guide explores this scenario in detail,
breaking down the concepts, implications, and potential strategies involved.

Introduction to Pipeline Architecture and Control
Hazards

What is a Pipeline in CPU Architecture?

A pipeline in a CPU allows multiple instructions to overlap in execution, significantly improving
throughput and performance. Typical pipelining divides instruction execution into stages:

1. Fetch (IF)

2. Decode (ID)

3. Execute (EX)

4. Memory Access (MEM)

5. Write Back (WB)

6. Additional stages depending on architecture (e.qg., instruction issue, retirement)

A 7-stage pipeline extends this concept further, potentially adding stages like operand fetch,
instruction scheduling, or other specialized steps, but the core idea remains: overlapping instruction
execution.



Understanding Control Hazards and Branch Instructions

Control hazards occur when the pipeline encounters a branch instruction—such as an 'if' statement,
loop, or jump—that alters the sequential flow of execution. The main challenge is determining the
correct next instruction to fetch before knowing whether the branch will be taken or not.

Control hazards can cause:
¢ Incorrect instructions fetched after a branch
e Pipeline flushes or stalls to correct execution flow

e Performance penalties due to misprediction or delays

Branch Prediction and Its Absence

Role of Branch Prediction

Branch prediction techniques attempt to guess the outcome of a branch to keep the pipeline filled
and maintain high performance. Common strategies include:

e Static prediction (e.g., always predict taken or not taken)

e Dynamic prediction using history tables (e.g., two-bit predictors)

Implication of No Branch Prediction

When branch prediction is absent, the processor must handle branches conservatively, often leading
to:

- Stalls or bubbles in the pipeline
- Fetching of the wrong instruction sequence
- Increased latency due to pipeline flushes when the actual branch outcome is known

This scenario is particularly relevant in simplified or resource-constrained systems, or as a teaching
tool to understand control hazards.

Scenario Analysis: 7-Stage Pipeline Without Branch



Prediction

Assumptions and Setup

Consider a processor with the following characteristics:

- 7-stage pipeline

- No branch prediction mechanism

- Branch outcome (taken or not taken) is unknown at fetch time
- Branch instruction appears at some point during execution

- The pipeline must handle the control hazard explicitly

Key Challenges

The main question: What happens if the branch outcome is not known?
Challenges include:

- Fetching subsequent instructions without certainty

- Managing pipeline stalls or bubbles

- Correctly updating the program counter (PC) once the branch outcome is determined
- Minimizing performance penalties while ensuring correctness

Handling Branches Without Prediction in a 7-Stage
Pipeline

Basic Approach and Strategies

Without branch prediction, the pipeline must adopt strategies to handle uncertainty:

1. Stall or Bubble Insertion: Halt instruction fetch until the branch decision is resolved.

2. Delayed Branching: Execute instructions after the branch instruction, and then decide
whether to flush or continue.

3. Speculative Execution (if applicable): Assumes one outcome temporarily, then corrects if
wrong (though this is prediction, so in this case, it's not used). Otherwise, no speculation is
performed.



Pipeline Behavior in the Absence of Prediction

When a branch instruction is encountered:

1. The branch instruction enters the decode stage, where the branch condition is evaluated.

2. The actual outcome (taken or not taken) is unknown until the execution or later stages.

3. Until the outcome is known, the processor cannot confidently fetch the correct next instructions.
4. To prevent fetching wrong instructions, the pipeline must stall, inserting bubbles—empty
slots—until the branch outcome is resolved.

Impact on Performance

This approach leads to:

- Increased latency due to stalls
- Reduced instruction throughput
- Potential pipeline flushes if the wrong instructions are fetched before the branch decision

Detailed Workflow of a 7-Stage Pipeline Without
Branch Prediction

Step-by-Step Breakdown

Let’s analyze the process when a branch instruction appears:

=

. Fetch Stage (IF): Fetch the branch instruction and subsequent instructions speculatively.
2. Decode Stage (ID): Decode the branch instruction and prepare for execution.
3. Execute Stage (EX): Evaluate the branch condition.

4. Memory Access (MEM): Not applicable directly for branch, unless branch target is computed
here.

5. Write Back (WB): Finalize the branch decision, update the PC if needed.

6. Pipeline Stall / Bubble Insertion: During the time the branch outcome is unknown, prevent
new instructions from being fetched to avoid misfetches.

Once the branch outcome is determined:

- If the branch is taken, update the PC to the branch target address.
- If not taken, continue with the sequential instruction.



Handling the Unknown Outcome
Since the outcome is not known during the early stages:
- The pipeline stalls at the fetch stage, waiting for the branch resolution.

- Alternatively, the pipeline can fetch and decode instructions after the branch instruction but must
eventually flush incorrect instructions if the branch outcome differs from the initial assumption.

Implications on Pipeline Performance and Design

Increased Stalls and Latency
Stalling the pipeline to resolve branches causes:
- Reduced instruction throughput

- Increased CPI (cycles per instruction)
- Potential pipeline flushes, which are costly

Design Trade-offs

Designers must balance:
- Hardware complexity (adding branch prediction or speculative execution)
- Performance goals

- Power consumption

In the absence of prediction, the system relies on stalls, which simplifies hardware but impacts
performance.

Strategies to Mitigate Performance Penalties

Pipeline Optimization Techniques

While branch prediction is unavailable, other strategies can reduce the impact:
e Delayed Branching: Place instructions that can be safely executed regardless of the branch
outcome immediately after the branch instruction.
e Loop Unrolling: Reduce the number of branches within loops, decreasing control hazards.

o Software Pipelining: Reorganize code to minimize stalls during branch resolutions.



Hardware Support

Additional hardware mechanisms can help:
- Detecting branch hazards early

- Implementing minimal stall cycles

- Using simple prediction heuristics (though outside the scope here, as the question specifies no
branch prediction)

Conclusion

Managing control hazards in a 7-stage pipeline without branch prediction requires careful handling of
branch instructions and their outcomes. When the branch outcome is not known at fetch time, the
pipeline must stall or insert bubbles to prevent incorrect instruction execution. While this approach
guarantees correctness, it introduces significant performance penalties due to pipeline stalls.

To mitigate these effects, architecture designers often incorporate branch prediction, delayed
branching, or other techniques. However, understanding how to operate without branch prediction
provides valuable insights into pipeline hazards, their impact, and the importance of prediction
mechanisms in modern CPU design.

In sum, a 7-stage pipeline without branch prediction relies heavily on stall strategies during uncertain
branch outcomes, emphasizing the importance of control hazard management in achieving efficient
instruction throughput and system performance.

Frequently Asked Questions

What challenges arise in a 7-stage pipeline without branch
prediction when the branch outcome is not known?

Without branch prediction, the pipeline may experience frequent stalls or mispredictions, leading to
decreased performance and increased latency due to instructions being incorrectly fetched and
executed.

How does the absence of branch prediction affect pipeline
performance in a 7-stage architecture?

It causes delays because the processor cannot accurately forecast branch directions, resulting in
pipeline stalls or flushing of instructions, which reduces overall throughput.

What techniques can be employed to mitigate the
performance penalty caused by not having branch prediction



in a pipeline?

Techniques such as delayed branching, static prediction strategies, or compiler-based branch
prediction hints can help reduce stalls and improve performance in the absence of dynamic branch
prediction.

In a 7-stage pipeline without branch prediction, what happens
when a branch outcome is not known immediately?

The pipeline typically stalls until the branch outcome is resolved, which can lead to increased delay
and reduced instruction throughput.

Why is branch prediction especially important in deep
pipelines like a 7-stage pipeline?

Because the longer the pipeline, the higher the penalty for mispredicted branches, making accurate
branch prediction critical to maintaining high performance and minimizing stalls.

What is the impact on instruction throughput when branch
outcomes are uncertain in a pipeline without branch
prediction?

Instruction throughput decreases because of pipeline stalls and flushes caused by waiting for branch
resolution, leading to underutilization of pipeline stages.

Can static branch prediction be effective in a 7-stage pipeline
without dynamic prediction? Why or why not?

Static branch prediction can be somewhat effective if branches tend to be biased or predictable, but it
is generally less accurate than dynamic prediction, especially in diverse program flows, leading to
potential performance issues.

Additional Resources
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Introduction

In the realm of modern processor architecture, pipelining stands as a fundamental technique to
improve instruction throughput and overall system performance. Among various pipeline designs, the
7-stage pipeline has emerged as a prevalent model, balancing complexity and efficiency. However,
the absence of branch prediction mechanisms in such pipelines introduces significant challenges,
especially when dealing with conditional branches whose outcomes are uncertain until execution. This
article aims to conduct an in-depth investigation into the behavior and implications of a 7-stage



pipeline without branch prediction, focusing on scenarios where the branch outcome is not known at
decode time.

Understanding the 7-Stage Pipeline Architecture

Before delving into the complications arising from unpredictable branches, it is essential to
understand the basic structure and flow of a typical 7-stage pipeline.

The Seven Stages Defined
Most classical RISC pipeline architectures decompose instruction execution into these stages:

. Fetch (F): Retrieve instruction from instruction memory.

. Decode (D): Interpret instruction, read registers.

. Register Read (R): Access source registers.

. Execute (E): Perform ALU operations or address calculations.
. Memory Access (M): Read/write data memory if needed.

. Write Back (W): Write results back to register file.

. Commit (C): Finalize instruction and update program counter.
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Note: Some models combine certain stages, but for this discussion, treat all seven as discrete steps.
Pipeline Operation Without Branch Prediction
In a pipeline without branch prediction, the processor cannot speculate on the direction of branch

instructions. When encountering a branch, the pipeline must wait until the branch condition is
evaluated to determine the next instruction to fetch.

The Challenge of Uncertain Branch Outcomes
Branch Instructions and Their Impact

Conditional branch instructions (e.g., "beq’, "bne’) introduce control hazards because their outcome
affects the instruction flow. When the outcome is not known at decode time, the pipeline must handle:

- Stalls: Pausing instruction fetch until the branch outcome is resolved.

- Flushes: Discarding instructions fetched after the branch if the prediction was wrong (not applicable
here as no branch prediction exists).

- Stall Propagation: Increased latency and reduced throughput.

Scenario: Branch Outcome Is Not Known

In our specific scenario, the pipeline reaches a branch instruction, but the outcome remains uncertain
until execution. Since there is no branch prediction:

- The pipeline cannot preemptively fetch the correct instruction path.
- The fetch stage continues to fetch subsequent instructions, potentially leading to incorrect



instructions being loaded.
- Once the branch outcome is determined, the pipeline must correct the flow.

Detailed Analysis of Pipeline Behavior

How the Pipeline Handles Branches Without Prediction

1. Pipeline Stalling

The most straightforward approach when a branch is encountered:

- Stall the pipeline: Halt fetching new instructions until the branch outcome is evaluated.

- Implication: All pipeline stages are effectively paused during this period, leading to reduced
instruction throughput.

2. Delayed Resolution and Its Effects

Suppose the branch instruction is at stage 2 (Decode). The outcome is only known at stage 4
(Execute). In a 7-stage pipeline:

- The fetch stage continues to bring in instructions from the sequential address.

- These instructions may be on the wrong path if the branch is taken.

- Once the branch outcome is known, the pipeline must:

- Flush instructions that were fetched along the wrong path.

- Redirect the fetch to the correct target address.

- Restart the pipeline from that point.

3. Pipeline Stalls and Penalties

The key impact of not knowing branch outcomes is:

- Pipeline stall cycles: The number of cycles during which the pipeline cannot advance.

- Flush penalty: The number of instructions invalidated after a misprediction (here, actual
misprediction due to lack of prediction).

Given the 7-stage pipeline, the penalty can be significant. For example:

- If the branch outcome is resolved 3 stages after fetch, approximately 3 instructions are fetched
along the wrong path.

- These instructions must be flushed, causing a penalty proportional to the number of instructions
fetched after the branch.

Quantitative Impact: A Hypothetical Example

Imagine the following:



- The pipeline fetches instruction "I1°, which is a branch.

- The branch outcome is unknown until the execution stage (stage 4).

- The pipeline continues fetching instructions "12°, 137, "14", assuming sequential flow.

- Upon resolving the branch at stage 4, the processor determines whether to branch or not.
Calculating Penalties

- Number of instructions fetched after the branch: 3 ("12°, "137, "147)

- Flushed instructions if branch is taken: All 3.

- Cycle penalty: The pipeline stalls during branch resolution, therefore, the total stall cycles are
approximately equal to the number of instructions fetched after the branch that need flushing.
Total performance impact:

- Increased latency due to stalls.

- Reduced instruction throughput.
- Increased complexity in pipeline management.

Strategies to Mitigate the Impact of Unpredictable Branch Outcomes

Given the inherent delays and penalties, several techniques are employed in modern architectures,
but in architectures without branch prediction, options are limited.

1. Pipeline Stalls

The simplest approach: halt the pipeline at the branch until the outcome is known. This guarantees
correctness but at a significant performance cost.

2. Delayed Branching

Restructuring code to place instructions less affected by branches directly after branches, reducing
penalty impact.

3. Static Branch Resolution

In some cases, static analysis can determine branch behavior at compile time, but this is not always
feasible.

4, Software-Level Strategies

- Reordering instructions to minimize branches.
- Using conditional execution where possible.

Implications for Processor Design and Performance

Efficiency Trade-Offs



- Without branch prediction, the pipeline is inherently less efficient due to stalls and flushes.
- The performance degradation becomes more pronounced in workloads with frequent branches.

Architectural Considerations

- Pipeline depth: Deeper pipelines exacerbate penalties caused by unresolved branches.
- Design choice: Some architectures favor simpler, shallower pipelines to mitigate control hazards
without branch prediction.

Power and Complexity

- No branch prediction reduces hardware complexity and power consumption.
- However, the performance cost may outweigh these benefits in high-performance systems.

Future Directions and Innovations

While the classical approach avoids branch prediction, modern architectures employ sophisticated
techniques to mitigate control hazards:

- Dynamic Branch Prediction: Using hardware predictors to guess branch outcomes.
- Speculative Execution: Executing instructions based on predicted outcomes.
- Branch Target Buffers: Caching branch target addresses for quick access.

In contrast, architectures without branch prediction, such as embedded systems or simple
microcontrollers, rely on alternative strategies, often accepting performance trade-offs for simplicity
and power savings.

Conclusion

The investigation into a 7-stage pipeline without branch prediction, especially when the branch
outcome is not immediately known, reveals a fundamental challenge: control hazards lead to pipeline
stalls, instruction flushes, and overall performance penalties. The core issues revolve around the
inability to speculate on branch directions, which forces the pipeline to wait for the outcome before
proceeding, reducing throughput and increasing latency.

While simple in concept, this approach underscores the importance of branch prediction in high-
performance processor design. For systems where power, complexity, or cost considerations outweigh
the need for maximum speed, such pipelines may be viable. However, for demanding applications,
integrating branch prediction and speculative execution remains essential for achieving optimal
performance.

In essence, understanding the behavior of pipelines without branch prediction provides critical insight
into the importance of control hazard mitigation techniques in modern CPU architectures, highlighting
the delicate balance between complexity, power, and performance in processor design.
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